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Abstract. Geiger-mode avalanche photodiodes g3

(G-APD) are a new generation of semiconductor
photodetectors. Their high photon detection effi- 2500
ciency in combination with mechanical properties
(small, lightweight) make them an interesting al-
ternative to photomultiplier tubes (PMT), e.g. for
applications in Cherenkov astronomy. In the course 1000
of the development of a G-APD based camera for %35
a Cherenkov telescope in the FACT project (First
G-APD Camera Test), their properties are analysed
and measured in detail. Afterpulses were found to
have an exponentially decreasing probability after
an initial pulse, which is favourable to the distinct
timing regions of afterpulses of PMTs. The angular
dependence of the photon detection efficiency was
measured and found to be flat.
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Fig. 1: Pulse spectrum of a weak pulsed LED measured
with a G-APD. The peaks correspond to the number of
triggered cellsNV according to equation (3). Taken from

2.

. BASIC PROPERTIES

G-APDs are compact, lightweight semiconductor pho-
todetectors. Their operation voltage is below 100V and
thus much lower than for PMTs. While PMTs are dam-

The invention of the Photomultiplier tube (PMT)aged by exposure to bright light while in operation, tests
about 70 years ago turned out to be one of the majexposing G-APDs to bright light inducing a photocurrent
technical contributions to modern physics. They aref more than a milliampere for several minutes did not
widely used in applications ranging from medical diagaffect the performance of the devices.
nosis to high-energy physics experiments. In astronomyA G-APD chip is divided into cells connected in
experiments, such as the IceCube Neutrino Observatgpgrallel via an individual limiting resistor. The design
the Pierre Auger Observatory and Cherenkov telescopefsa single cell is similar to a linear avalanche pho-
(e.g. MAGIC), PMTs are used to detect Cherenkov lightodiode (APD). In contrast to the usage of a common
The recently developed Geiger-mode avalanche pho#®PD, the applied bias voltage is above the so-called
diodes (G-APDs) have the potential to challenge thH@reakdown voltage where the avalanche process is self-
usage of PMTs in future experiments by offering simperpetuating (Geiger discharge) [1]. An avalanche can
ilar gain while improving other properties such as thbe started by incoming photons generating electron-hole
photon detection efficiency. This article describes thgairs through the photoelectric effect, or by other pro-
basic characteristics of G-APDs and focusses on tveesses which generate free carriers (thermal generation
properties being of particular interest for the applicatioor field-assisted generation). The probability that a gngl
in Cherenkov telescopes: the angle dependence of theoming photon triggers a G-APD cell if no other light
photon detection efficiency and afterpulses. is present is called photon detection efficiency (PDE).

I. INTRODUCTION
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Fig. 2: Number of afterpulses of a G-APD for variableFig. 3: Delay of afterpulses with respect to the initial
gate delays after an initial breakdown: the afterpulse rgp@ise for PMTs: the afterpulses occur at distinct times.
is exponentially decreasing. The dashed line indicat&aken from [7].

the amount of dark counts. Taken from [2].

a single photon triggers one or more cells through optical
The equivalent parameter of a PMT is the probabilitgrosstalk, whereag,.; denotes the mean number of cells
that an incoming photon creates an electron-hole paiiggered through crosstalk. Including crosstalk and its
(quantum efficiency) multiplied by the probability thatsaturation effects, the number of ceNstriggered by a
the resulting electron reaches the first dynode (collectidight flash is [2]
efficiency). The avalanche is stopped by lowering the
bias voltage below the breakdown voltage by eithera N =N+ (
serial quenching resistor or an active quenching circuit.
After stopping the avalanche, the cell recovers with with N as defined above.
recovery time constant of a few nanoseconds [3]. During 1. AETERPULSES
the recovery time, a new breakdown in this cell is '
possible, but has a reduced amplitude. A G-APD cell may not only be triggered by an
The charge released per breakdown of a cell divided Iternal photon or crosstalk, but also by thermally or

the elementary charge (i.e. the gain) is in the order §gld-assisted generation of free carriers. These events
105 — 10 and is independent of the number of initiaRre called dark counts and have a rate of 2-3 MHz per

electron-hole pairs in this cell. The gain is linear iflevice (Hamamatsu S10362-33-160€imilar for other

the overvoltage (bias voltage minus breakdown voltagdjamamatsu G-APDs) [6]. Additionally, carriers may
Since the breakdown voltage depends on the temperatBfe trapped during a breakdown. Their delayed release
(52mV per°C)[2], the bias voltage has to be adjusted t6an trigger again the cell where the initial breakdown
temperature changes in order to keep the gain consta@gcurred. The rate of these afterpulses is exponentially
The total signal of a light flash is determined by the suilecreasing with two components&fns and140 ns [2].

of the signal of all cells with a breakdown at the saméhe size of an afterpulse is the sum of the breakdown
time. For small pulses, the spectrum allows to discefi the cell (reduced due to the recovery time of the cell)
well separated peaks corresponding to the number gnd possibly additional cells due to crosstalk. Except for
cells with a breakdown (see figure 1). the cell recovery, the spectrum of afterpulses is identical
The independence on the number of initial electron-hote dark count events and consequently independent of
pairs per cell introduces a statistical saturation effedhe size of an initial light flash. A larger light flash will
The mean number of cells with a breakdownfor NV;,,.  trigger more cells and consequently have a larger number
incoming photons which are distributed ovi. cells is Of afterpulses.

N.— N

C

',uct'NvNc_N) (3)

given by [4] Afterpulses in PMTs occur at distinct times after the
1 initial pulse (see figure 3) [7]. The size of an afterpulse

N = N.(1 — (1 — —)NinePDE) (1) is independent of the size of the initial pulse, only

e the probability for afterpulses correlates with the initia

Usually, an approximative formula is used for calculapulse size [8]. This afterpulse behaviour is unwanted in
tions: R systems where a trigger is generated by the coincident
N=N(1-e "% ) (2) occurrence of signals in several PMTs: the afterpulses

) of a small signal below the trigger threshold (e.g. a
The product Nin. - PDE is denoted asN,.. The \yeak Cherenkov flash) can release the trigger and create
saturation formulae above will be referenced Ms= o\ ents difficult to discern from "real” events.
S(Npe, Ne). The afterpulse behaviour of G-APDs is favourable due to

A cell in breakdown state can trigger other cells by,g gpsence of a time-correlation. Since the pulse size of
optical photons emitted in the avalanche process [5]. The

crosstalk probability,, is defined as the probability that 1900 cells, 100 x 100 um?, area3 x 3 mm?
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a single afterpulse is small (one cell plus its crosstalk)
the probability for false triggers is very low and can

[

I
presumably be neglected. NI T TSN ST S X
L
IV. ANGULAR ACCEPTANCE 08 -
+ with epoxy
Photomultiplier tubes suffer from an angle and direc- 2 ; without epoxy

tion dependent photon detection efficiency due to theil
asymmetrical internal structure. To investigate the rela:
tive photon detection efficiency of G-APDs at various
incident angles, a pulsed light source is used. For wea © | B
light pulses, the number of breakdowns in the G-APD ~ * ™ = = - 1© =% % 7w ©

is Poisson distributed (except for crosstalk effects). The Ange ()

number of events where no photon is detedigdwhich  Fig. 4: Relative photon detection efficiency for different
is independent of crosstalk) allows to calculate thigicident angles of a pulsed light flash. The G-APD is
Poisson mean value of the number of photons detecteghted by a protective epoxy layer. Due to refraction,

o
~

=3
X9

Relative number of detected photons / cos(a)

by the G-APD: the incident angle at the chip surface is around 4@r
No an inclination of the light beam of 85
p=—1In < ) 4)
Ntot
Nior is the total number of events. the camera for a Cherenkov telescope is currently in-

The intensity of the light source is gdjusted such thgkstigated in the First G-APD Camera Test (FACT)
the mean number of breakdowns in the G-APD p&jroject [10]. The camera is planned for the DWARF
pulse is around six, the light beam being homogeneolgescope, an upgrade of an old HEGRA telescope [11].
in an area larger than the sensitive area of the Gne DWARF telescope will be part of a worldwide

APD. The G-APD is then tilted by an angle and npetwork dedicated to the long-term monitoring of blazars
the measurement repeated. For geometrical reasons,[m_

number of detected photons decreases witfi«) if the

detector sensitivity is angle independent. REFERENCES

The G-APD used for the measurement is of the typgi] D. Renker and E. LorenzAdvances in solid state photon
Hamamatsu S10362-33-050his type of G-APD has detectors JINST 4 P04004, (2009). . o

a protective epoxy layer over the chip surface. This doe¥! Inhddﬁlgashg?phl”:rhaﬁézg ErTr?_'yszjincc:] t?;&);)se in axial PET
not influence the measurement abhwanly the incident [3] H. Oide et al, Study of afterpulsing of MPPC with waveform
angle on the chip surface,. is shifted to a lower value analysis PoS (PD07) 008, (2007).

; ) . _ . ssin(a) . [4] A. Stoykov et al, On the limited amplitude resolution of multi-
according to Snell's lawn,. = arcsin(===). Since pixel Geiger-mode APDSINST 2 P06005, (2007).
the maximal measured angle of 8&orresponds only [5] A.L. Lacaitaet al, On the bremsstrahlung origin of hot-carrier-
to an angle of approximately 40at the chip surface, induced photons in silicon deviced993).
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the measurement was repeated with a diode where ﬂ[]é Data Sheehttp://sales.hamamatsu.com/assets/pdf/catsandguides/

epoxy layer was removed. Due to shadowing effects of mppc kapd0002e03.pdf, (2008).

the package, the measurement is Only relevant for anglé@ U-. Akgun et al., Afterpulse timing‘ar_ld rate investigation of three
up to 80°. The measured values are in agreement with ?z'f(f)%rge)r"t Hamamatsu Photomultiplier TubeBNST 3 T01001,
the assumption of an angle independent photon detectigg] Philips PhotonicsPhotomultiplier Tubes. Principles and appli-

efficiency (see figure 4). More precise measurements are cations (1994).
planned [9] I. Braunet al, Solid Light Concentrators for Cherenkov Astron-

- . . . omy in these proceedings.

This result is an important requirement for the usageo] Q. Weitzelet al, A Novel Camera Type for Very High Energy
of solid light collectors (Winston cones, see [9]) in a 1 ?ag‘”t‘a"?sﬁmfomwt‘ thef/eHFl’Efoceedmgs- forin of briaht

. : . Bretzet al, Long-term gamma-ray monitoring of brig

G'APP camera. \Winston .cc.)nes allow to increase ﬂ{é blazars with a dedicated Cherenkov telescdpethese proceed-
effective area, e.g. to eliminate dead space between ings.

photodetectors. [12] M. Backeset al., Long-term monitoring of blazars the DWARF

network in these proceedings.

V. CONCLUSION AND OUTLOOK

G-APDs are a promising candidate as light detectors
for Cherenkov telescopes. The non-correlation of after-
pulses minimizes the probability of afterpulse-induced
false triggers. The angle-independent photon detection
efficiency enables the use of solid light collectors.

The use of G-APDs as a replacement for PMTs in

23600 cells, 50 x 50 pm?2, area3 x 3 mm?
3The epoxy surface is approximately flat in the relevant area.



